Integrins are a family of major cell surface receptors that mediate essentially every life process by orchestrating adhesion of cells to extracellular matrix (ECM) and promoting many dynamic cell adhesion processes such as migration, spreading, and survival^[@R1]^. Integrins are obligate (α/β) heterodimers with each subunit composed of a large ligand binding domain (ectodomain), a single transmembrane domain, and a short cytoplasmic tail (CT). Integrins can exist in either resting or active state with the latter being capable of binding to ECM and triggering cell-ECM adhesion. The resting state integrin is often depicted as a "naked" form, which may bind integrin activators, e.g., talin, and then convert into the active state *via* conformational change^[@R1]--[@R2]^. However, recent studies have suggested that a more complex mechanism can exist in which critical intracellular integrin inactivators may mediate integrin deactivation or retention of the inactive receptor during cyclical cell adhesion processes such as migration (For most recent review, see ref [@R3]). The underlying molecular basis as to how the inactivators engage integrin to control the dynamic equilibrium between the resting and active state of the receptor remains elusive. One widely proposed mechanism is the competition between inactivator and activator for binding to an overlapping binding site on integrin CT^[@R2]--[@R3]^. For example, filamin was shown to compete with talin for binding to an overlapping site at the integrin β CT C-terminus^[@R4]^. It was also proposed that an inactivator may engage inactive state of integrin^[@R3]^ but no information is available as to how such interaction occurs at atomic level and inhibits integrin activation.

The focus of this study is on the integrin inactivator filamin - a large actin cross-linking protein (280kDa) that is known to regulate the cytoskeleton and many dynamic cell adhesion responses including cell migration, spreading, and proliferation^[@R5]^. Filamin contains two N-terminal actin binding domains followed by 24 contiguous immunoglobulin-like (Ig) repeats that engage many protein binding partners. Filamin Ig repeat 21 was previously shown to bind integrin and inhibit the receptor activation^[@R4],\ [@R6]--[@R7]^. Consistently, ablation or decreased expression of filamin was found to enhance integrin-mediated cell-substrate adhesion in multiple different cell lines^[@R4],[@R6],[@R8]--[@R10]^ whereas strengthened filamin-integrin interaction inhibits integrin-ligand interaction and cell migration^[@R11]^. Here, using NMR spectroscopy, we set out to determine the solution structure of platelet integrin αIIbβ3 cytoplasmic domain bound to filamin A Ig repeat 21 (FLNa-Ig21). Surprisingly, the structure reveals a ternary complex where FLNa-Ig21 not only binds to previously predicted C-terminal site of integrin β3 cytoplasmic tail (CT), which was thought to block the talin binding, but also engages two N-terminal helices of αIIb and β3 CTs, which stabilizes an inter-CT clasp that helps restrain the integrin at resting state. The results reveal a novel mechanism of filamin-mediated retention of integrin at a resting state. They also provide a new framework for understanding the dynamic regulation of integrin activation crucial for mediating diverse cell adhesion-dependent physiological and pathological processes.

Results {#S1}
=======

FLNa-Ig21 binds to both integrin αIIb and β3 CTs {#S2}
------------------------------------------------

Previous studies showed that filamin recognizes the C-terminus of integrin β CTs^[@R4],[@R8],[@R11]--[@R12]^. However, a detailed structural characterization of how filamin may engage the complete integrin cytoplasmic face has not been reported. To address this issue, we decided to use NMR to analyze the filamin A binding to αIIbβ3 -- the prototypic integrin whose CT complex has been characterized before^[@R13]^. We first performed heteronuclear single quantum correlation (HSQC) experiment to examine the binding of filamin A Ig repeat 21 (FLNa-Ig21) to ^15^N-labeled β3 CT K716-T762 ([Fig. 1a](#F1){ref-type="fig"}). As expected, FLNa-Ig21 induced chemical shift changes of the C-terminal integrin β3 CT (β3-C). However, surprisingly, FLNa-Ig21 also induced spectral perturbation (line-broadening) of the N-terminal membrane-proximal region of β3 CT (β3-MP), suggesting that FLNa-Ig21 not only binds to β3-C but also to β3-MP. To further investigate this unexpected binding mode, we designed a construct containing β3-MP (K716-W739, β3-N) but lacking β3-C. [Supplementary Fig. 1a](#SD6){ref-type="supplementary-material"} shows that purified ^15^N-labeled β3-N indeed bound to FLNa-Ig21. Surface plasmon resonance (SPR) experiments revealed K~D~\~223µM ([Supplementary Fig. 1b](#SD6){ref-type="supplementary-material"}). Consistently, SPR experiments also produced sensorgrams of full length β3-CT binding to FLNa-Ig21 that could fit into a two-site binding model with K~D1~\~4.9µM and K~D2~\~150µM respectively ([Fig. 1b](#F1){ref-type="fig"}). The latter may correspond to the β3-N-FLNa-Ig21 interaction ([Supplementary Fig 1b](#SD6){ref-type="supplementary-material"}) whereas the former may reflect the β3-C-FLNa-Ig21 interaction. This two site binding mode is remarkably reminiscent of the integrin activator talin-F3 binding to integrin β CT^[@R13]--[@R15]^, yet FLNa-Ig21 and talin-F3 have completely opposite effects on integrin activation^[@R2]--[@R3]^. [Supplementary Fig. 1c](#SD6){ref-type="supplementary-material"} shows that β3-N, which is bound to FLNa-Ig21, exhibits helical conformation, suggesting that while β3-C occupies the known groove of C and D strands (CD groove) of FLNa-Ig21 to form β-sheet^[@R4],[@R8]^, β3-N helix may dock onto FLNa-Ig21 in a different and nonexclusive mode. To gain more definitive evidence for this binding mode, we designed a FLNa-Ig21-β3-C chimera based on the crystal structure of FLNa-Ig21-β7-C complex (PDB code 2BRQ, see details in the method section). This construct allows β3-C to tightly occupy the CD groove of FLNa-Ig21 as the strand (confirmed in [supplementary Fig 1d](#SD6){ref-type="supplementary-material"}), which would prevent potential displacement by β3-N if the two β3 CT fragments bound to FLNa-Ig21 in a mutually exclusive manner. [Supplementary Fig 1e](#SD6){ref-type="supplementary-material"} shows that β3-N, which binds to FLNa-Ig21 weakly, still induced chemical shift changes of FLNa-Ig21 in the ^15^N-labeled FLNa-Ig21-β3-C chimera, thus providing strong evidence that β3-C and β3-N bind to FLNa-Ig21 in nonexclusive manner.

Given that FLNa-Ig21 engages inactive integrin^[@R4],[@R6]^ where αIIb CT and β3 CT associate to form a clasp^[@R13],[@R16]^, the forgoing findings led us wonder if FLNa-Ig21, while binding to β3-CT, might also interact with αIIb-CT. Interestingly, both NMR ([Fig. 1c](#F1){ref-type="fig"}) and SPR ([Fig. 1d](#F1){ref-type="fig"}) experiments showed that FLNa-Ig21 binds to αIIb CT with K~D~\~229µM. Like β3-N, the FLNa-Ig21-bound αIIb-CT also adopts helical conformation in its N-terminal region ([Supplementary Fig. 1f--1g](#SD6){ref-type="supplementary-material"}).

FLNa-Ig21 stabilizes the αIIb-β3 CT complex {#S3}
-------------------------------------------

The binding of FLNa-Ig21 to both αIIb and β3 CTs suggests formation of a ternary complex. To examine this possibility, we performed a series of independent binding experiments. (i) Pull-down experiments ([Fig. 2a](#F2){ref-type="fig"} and [Supplementary Data Set 1](#SD3){ref-type="supplementary-material"}), which showed that while β3 CT fused to maltose binding protein failed to pull-down αIIb CT due to low affinity (K~D~\~368µM for the αIIb-CT-β3-CT complex, see [supplementary Fig 2a](#SD6){ref-type="supplementary-material"}), it was able to pull-down αIIb CT in the presence of FLNa-Ig21. (ii) SPR experiments ([Fig. 2b](#F2){ref-type="fig"}), which showed that αIIb-CT could readily bind to FLNa-Ig21 pre-saturated β3-CT. (iii) NMR experiments ([Fig. 2c](#F2){ref-type="fig"}), which showed that while FLNa-Ig21 induced chemical shift changes of ^15^N-labeled αIIb-CT, addition of β3-N induced more spectral changes, indicative of additional binding event. To more definitively confirm the formation of the ternary complex, we designed an FLNa-Ig21-β3-CT chimera construct as we did for FLNa-Ig21-β3-C ([supplementary Fig 1d](#SD6){ref-type="supplementary-material"}) so that β3 CT bound tightly to FLNa-Ig21. As expected, this FLNa-Ig21-β3-CT chimera still retained the capacity to bind to αIIb-CT ([Fig. 2d](#F2){ref-type="fig"}), indicating that β3-CT and αIIb-CT bind to two distinct regions in FLNa-Ig21. Pull-down experiments further demonstrated that αIIb-CT exhibited stronger binding to FLNa-Ig21-β3-CT chimera than to FLNa-Ig21 ([Fig. 2e](#F2){ref-type="fig"}). Correspondingly, SPR experiments revealed a K~D~ of \~19µM for the former ([Fig. 2f](#F2){ref-type="fig"}) as compared to K~D~\~229µM for the latter ([Fig. 1d](#F1){ref-type="fig"}). The increased affinity is obviously due to the ternary binding of αIIb-CT to FLNa-Ig21 and β3-CT, respectively. Overall, these data indicated that FLNa-Ig21 promotes the αIIb CT-β3 CT complex formation.

Structure of FLNa-Ig21-αIIb CT-β3 CT ternary complex {#S4}
----------------------------------------------------

To obtain a definitive 3D atomic view of how FLNa-Ig21 engages both αIIb-CT and β3 CT, we set out to solve the total structure of the ternary complex. β3-CT has low solubility^[@R13]^ and substantial line-broadening problems upon binding to FLNa-Ig21 ([Fig. 1a](#F1){ref-type="fig"}). We therefore screened β3-CT mutants and found that a L717K-L718K mutant exhibited substantially less line-broadening yet maintained high solubility without affecting the binding of FLNa-Ig21 ([supplementary Fig.2b and 2c](#SD6){ref-type="supplementary-material"}) and still promoted the ternary complex formation ([supplementary Fig. 2d](#SD6){ref-type="supplementary-material"}). An array of NMR-based heteronuclear and homonuclear experiments were carried out for resonance and NOE assignments of the ternary complex (see the method section). Complex interfaces were first defined by definitive intermolecular NOEs ([Supplementary Fig. 2e](#SD6){ref-type="supplementary-material"}) and chemical shift mapping data, and further validated by mutagenesis data ([Supplementary Table 1](#SD5){ref-type="supplementary-material"}). A superposition of 20 lowest energy structures is shown in [Fig. 3a](#F3){ref-type="fig"} (see statistics in [Table 1](#T1){ref-type="table"}). FLNa-Ig21 adopts the canonical Ig fold as previously reported ([Fig. 3b](#F3){ref-type="fig"})^[@R4],[@R7]--[@R8]^. However, interestingly, while the CD groove of FLNa-Ig21 binds canonically to β3-C Y747-F754 as a strand, an extended surface involving N-terminal short helix, BC loop, C strand, and FG loop grabs both αIIb-N and β3-N helix, support the formation of an αIIb-N-β3-N helical clasp ([Fig. 3b](#F3){ref-type="fig"}). [Fig. 3c](#F3){ref-type="fig"} highlights critical interface residues involved in the FLNa-Ig21-αIIb-N-β3-N network (see also [supplementary Fig. 3](#SD6){ref-type="supplementary-material"}). From αIIb CT to FLNa-Ig21, the interactions are predominantly hydrophilic including several potential hydrogen bond and salt-bridge pairs: αIIb W988 backbone-FLNa-Ig21 N2312 side chain CONH2, αIIb K994 NH3^+^-E2313 backbone carbonyl group, αIIb R995 backbone carbonyl-FLNa-Ig21 E2313 carboxyl group, αIIb R997 guanidyl group-FLNa-Ig21 E2276 carboxyl group. From β3 CT to FLNa-Ig21, β3-N helix utilizes I719 and T720 CβH-CγH3 to form a hydrophobic core with FLNa-Ig21 A2268 whereas β3 T720 hydroxyl CβOH group forms potential hydrogen-bond with backbone amide of FLNa-Ig21 G2269. These contacts properly orient the αIIb-N and β3-N helices to form an inter-helical clasp involving hydrophobic contact between αIIb W988-β3 I719, potential hydrogen bond between αIIb R995 quanidyl group-T720 CβOH, and salt-bridge between αIIb R995-β3-D723. The latter has been widely presumed to be crucial for restraining the resting integrins^[@R13],[@R16]^.

The specific FLNa-Ig21 interfaces with αIIb CT and β3 CT are consistent with extensive mutagenesis data ([supplementary Table 1](#SD5){ref-type="supplementary-material"}). Notably, [supplementary Fig.4a and 4b](#SD6){ref-type="supplementary-material"} show that FLNa-Ig21 E2276A mutation, while retaining the binary FLNa-Ig21-β3-CT interaction, disrupted the FLNa-Ig21-αIIb-CT interaction. Also, the αIIb CT K994E-R997E mutation abolished the αIIb CT binding to WT FLNa-Ig21 ([Supplementary Fig. 4c](#SD6){ref-type="supplementary-material"}) without disrupting the αIIb-β3 CT interface ([Fig. 3c](#F3){ref-type="fig"} and [Supplementary Fig. 4d](#SD6){ref-type="supplementary-material"}). [Supplementary Fig. 4e](#SD6){ref-type="supplementary-material"} shows that FLNa-Ig21 A2268K specifically disrupted the FLNa-Ig21 interaction with β3-N while retaining the binary FLNa-Ig21 binding to αIIb CT ([Supplementary Fig. 4f](#SD6){ref-type="supplementary-material"}).

FLNa-Ig21 promotes αIIbβ3 transmembrane heterodimerization {#S5}
----------------------------------------------------------

Examination of the structure of the FLNa-Ig21-αIIbβ3 CT complex reveals that FLNa-Ig21 would be situated near the juxta-transmembrane region when bound to the integrin CT clasp ([Fig. 4a](#F4){ref-type="fig"}). In support of this prediction, [Fig.4b and 4c](#F4){ref-type="fig"} show that FLNa-Ig21 binds weakly to large unilamellar vesicle (LUV) as judged by small chemical shift changes of H2239, K2240, and R2242. These residues form a positively charged surface with the integrin transmembrane border residues αIIb-CT K989 and β3-CT K716, providing a topology for how FLNa-Ig21 is engaged with the membrane-proximal regions of αIIbβ3 on the membrane surface ([Fig. 4a](#F4){ref-type="fig"}). To further examine how filamin may engage integrin in a membrane environment, we performed the HSQC experiment of ^15^N-labled αIIb transmembrane-cytoplasmic domain (TMCD) bound to unlabeled β3 TMCD in the absence and presence of FLNa-Ig21. As previously reported^[@R17]^, we found that a dynamic equilibrium exists between free αIIb (or β3) TMCD and αIIb TMCD complexed with β3 TMCD ([Fig.4d and 4e](#F4){ref-type="fig"}). Remarkably, FLNa-Ig21 increased the population of the αIIb-β3 TMCD complex in bicelles as judged by the signal intensity enhancement of the complex signal and the signal reduction of the free form ([Figs. 4d--4f](#F3){ref-type="fig"}), demonstrating the role of filamin in promoting the integrin transmembrane heterodimerization by stabilizing the CT clasp.

FLNa-Ig21 mediates retention of inactive integrin {#S6}
-------------------------------------------------

The forgoing combined biochemical and structural data strongly indicate that FLNa-Ig21 stabilizes inactive integrin by favoring integrin CT clasp formation. This is consistent with previous functional data where transfection of integrin αIIbβ3 into CHO cells led to basal level integrin activation whereas co-transfection of FLNa-Ig21 with αIIbβ3 inhibited such integrin activation^[@R6]^. To gain functional evidence for this possibility, we performed a series of mutagenesis experiments. [Fig. 5a](#F5){ref-type="fig"} shows that FLNa-Ig21 E2276A and A2268K mutations, which expressed similarly as WT FLNa-Ig21 ([supplementary Fig. 4g](#SD6){ref-type="supplementary-material"}) but disrupted the FLNa-Ig21 interaction with the integrin αIIb and β3 membrane-proximal helices respectively ([supplementary Fig.3a and 3e](#SD6){ref-type="supplementary-material"}), had reduced capacity in inactivating integrin as compared to wild type FLNa-Ig21. Interestingly, the αIIb (K994E-R997E) mutation that disrupts the αIIb binding to FLNa-Ig21 ([supplementary Fig. 3c](#SD6){ref-type="supplementary-material"}) caused substantial constitutive enhancement of integrin αIIb(K994E-R997E)β3 activity as compared to the WT integrin ([Fig. 5b](#F5){ref-type="fig"}). Since endogenous filamin is likely bound to and stabilizes inactive integrin, disrupting the filamin-αIIb CT interaction by this mutation would clearly destabilize the integrin CT clasp and shift the equilibrium to the active state of integrin, thus leading to the enhancement of integrin activation. Consistent with this interpretation, the PAC1 binding of αIIb(K994E-R997E)β3 mutant was less inhibited (\~20%) than WT integrin (\~40%) by FLNa-Ig21 ([Fig. 5b](#F5){ref-type="fig"}). These functional data provide strong supporting evidence that FLNa-Ig21 mediates retention of integrin in an inactive state.

Multiple filamin repeats inhibit integrin activation {#S7}
----------------------------------------------------

In addition to FLNa-Ig21, multiple repeats in filamin were previously found to bind integrin β CT^[@R12]^. This led us to wonder if they function similarly as FLNa-Ig21. [Supplementary Figs. 5a--h](#SD6){ref-type="supplementary-material"} show that just like FLNa-Ig21 ([Fig. 1](#F1){ref-type="fig"}), FLNa Ig 9, 12, 17, and 19 all bind to both αIIb CT and β3-N. FLNa-Ig4 is unstable^[@R12]^, preventing its precise measurement of binding to integrin CTs. Remarkably, [Fig. 5c](#F5){ref-type="fig"} shows that FLNa-Ig9, 12, 17, and 19 all exerted the inhibitory effect on integrin activation. FLNa-Ig4 did not have significant effect likely due to its structural instability or weaker binding to integrin. Interestingly, the small hydrophilic and/or positively charged region that may bind to membrane as shown in FLNa-Ig21 containing H2239, K2240, and R2242, is highly conserved among these repeats^[@R12]^. Based on biochemical and NMR data, we previously proposed that full length filamin may locally enrich inactive integrins *via* multiple similar repeats^[@R12]^. The data in [Fig. 5c](#F5){ref-type="fig"} provides functional evidence to support this mechanism, which may spatiotemporally favor integrins to bind multivalent ligands such as fibrinogen and fibronectin upon integrin activation.

Discussion {#S8}
==========

While emerging evidence has indicated the existence of integrin inactivators in dynamic regulation of integrin function^[@R3]^, the underlying molecular principle of these inactivators remained elusive. In this study, we have succeeded in determining the NMR structure of FLNa-Ig21 bound to integrin αIIbβ3 CT heterodimer. Our structure reveals for the first time that an inactivator may bind and stabilize an inactive integrin by stabilizing the integrin CT clasp, which is known to be crucial for restraining the resting state integrin^[@R13]--[@R19]^. It was widely thought that inactive integrin could be purified in fully "naked" state, but recent structural studies have revealed that purified integrin αIIbβ3 from resting state platelets contains a subpopulation of active state probably reflecting the intrinsic conformational equilibrium between inactive (bent) and active state (extended) of the integrin (see [Fig S1E vs 1F](#SD6){ref-type="supplementary-material"} in ref [@R20]). This was reflected in our activation assay in [Fig 5a](#F5){ref-type="fig"} where transiently expressed integrin αIIbβ3 exhibited basal level PAC1 binding. The basal level of integrin activation is unlikely totally caused by talin since endogenous talin is supposed to be autoinhibited^[@R21]--[@R23]^ and randomly distributed in the unstimulated cells^[@R24]^. Rather, we believe that the activation is at least partially caused by a subpopulation of transiently expressed "naked" active integrin that is in equilibrium with inactive integrin. Our interpretation is supported by several lines of evidence: (i) inhibition of this activation by filamin that probably shifts the equilibrium to inactive state of integrin ([Fig. 5a](#F5){ref-type="fig"}). As shown before, the same assay does not reveal an inhibitory effect of filamin on the talin-mediated integrin activation (see [Fig 2a](#F2){ref-type="fig"} in ref [@R25]) probably due to much higher affinity of talin binding to integrin and membrane than filamin; (ii) specific point mutation in filamin, which disrupted its binding to αIIb CT ([Supplementary Fig. 4a--b](#SD6){ref-type="supplementary-material"}) without affecting talin binding to β3 CT, impaired the ability of filamin to inhibit integrin activation ([Fig. 5a](#F5){ref-type="fig"}); (iii) point mutation in αIIb CT (K994E-R997E), which disrupted the filamin-αIIb CT interaction but not the talin-β3 CT interaction, enhanced constitutive integrin activation and filamin had reduced capacity to inhibit the mutant integrin ([Fig. 5b](#F5){ref-type="fig"}).

Upon cellular stimulation, talin is known to rapidly localize to the plasma membrane^[@R24]^. By contrast, filamin is mostly situated near plasma membrane in unstimulated cells and then rapidly redistributes into the cytosol upon integrin activation^[@R26]^. Such reciprocal redistribution is consistent with our findings, supporting a model that in unstimulated cells, filamin stabilizes the integrin CT clasp to prevent spontaneous activation of the receptor whereas cellular stimulation induces membrane targeting and unmasking of talin to bind and activate integrin. The membrane-localized talin in its active state may then activate integrin by directly competing with filamin. Such competition was previously suggested to occur at an overlapping binding site in the C-terminus of integrin β CT^[@R4]^. However, our structure suggests an important revision of this competition mechanism where talin would compete with filamin for binding to both the C-terminal and membrane-proximal regions of β CT ([Fig. 6a vs Fig. 6b](#F6){ref-type="fig"}). In addition to this talin-filamin competition pathway, other pathways may exist at certain cellular conditions. For example, migfilin, a cytoskeletal adaptor, was previously shown to bind filamin and displace it from integrin, thereby facilitating integrin activation^[@R6],[@R12]^. Based on our data, such displacement would destabilize the integrin CT clasp, thus favoring the equilibrium shift from resting to active state of the receptor. The displacement may further promote the talin binding to integrin β CT and induce the integrin CT unclasping^[@R13],[@R16]^, leading to enhanced integrin activation. Interestingly, migfilin was shown to be recruited by kindlin^[@R27]^-- a well-established integrin co-activator that also binds to integrin β CT^[@R2],[@R3]^. Mice with the ablation of migfilin are viable, although with defects in migration^[@R28]^ and bone remodeling^[@R29]^. It remains to be determined if there exist additional filamin binding proteins that may act similarly as migfilin to regulate integrin activation.

Lau et al previously suggested that the membrane-proximal regions of αIIbβ3 CTs are embedded in the membrane in the absence of any regulators^[@R17]^. Using membrane-mimetic bicelles, the authors showed that αIIb membrane-proximal CT adopts a reverse turn that packs against the β3 membrane-proximal CT helix^[@R17]^ ([supplementary Fig 6a](#SD6){ref-type="supplementary-material"}). Such structure is different from our filamin bound αIIbβ3 CT complex where both αIIb and β3 membrane-proximal regions adopt helical conformation and pack against each other ([supplementary Fig 6b](#SD6){ref-type="supplementary-material"}). The structural difference may be due to that the αIIbβ3 TMCD structure by Lau et al^[@R17]^ was determined in the presence of bicelles lacking filamin whereas ours was determined in cytosolic condition containing filamin. Interestingly, our structure is similar to other structures previously determined in cytosolic state^[@R13]^ ([supplementary Fig 6c](#SD6){ref-type="supplementary-material"}) and in organic solvent^[@R19]^ in the absence of filamin ([supplementary Fig. 6d](#SD6){ref-type="supplementary-material"}) and our data demonstrated that filamin stabilizes these structures, notably the membrane-proximal CT clasp. It is clear that the membrane-proximal regions, if inserted into the membrane as suggested before^[@R17]^ ([supplementary Fig. 6a](#SD6){ref-type="supplementary-material"}), would be inaccessible to filamin and possibly other cytosolic integrin inactivators such as Sharpin^[@R30]^ and CIB^[@R31]^. Indeed, our data showed that FLNa-Ig21 only weakly interacts with the membrane surface *via* polar interactions ([Fig.4b and 4c](#F4){ref-type="fig"}), allowing the filamin interaction with the αIIbβ3 CT complex in the cytosolic state ([Fig. 2](#F2){ref-type="fig"}). The cytosolic engagement of filamin not only stabilizes the αIIbβ3 CT complex ([Fig. 2](#F2){ref-type="fig"}) but further promotes the integrin transmembrane heterodimerization in membrane bicelles ([Fig 4d--4f](#F4){ref-type="fig"}). Given that FLNa-Ig21 only has weak polar interaction with the membrane surface instead of inserting into the membrane ([Fig. 4b](#F4){ref-type="fig"}), we conclude that in the filamin-stabilized inactive integrin heterodimer, the membrane-proximal regions of αIIbβ3 CTs are within the cytosol and not buried in the membrane. It is possible that upon release of filamin by migfilin or by talin or other potential regulators, these regions may find the hydrophobic environment of the membrane more favorable and insert into the membrane, thereby triggering conformational change and ultimate activation of integrin. Further investigation is clearly necessary to elucidate this possibility.

In summary, we have determined, to our knowledge, the first 3D structure of an integrin inactivator bound to the resting state integrin α/β CT heterodimer. The structure suggests a novel mechanism where filamin favors retention of integrin in an inactive state. Such filamin-stabilized inactive integrin would prevent spontaneous integrin activation in resting cells, and the pathological consequences of spontaneous integrin activation such as thrombosis and tumor metastasis^[@R9]^. It may also allow tight control of interconversion between the resting and active state of integrin, which is necessary for dynamic regulation of cyclic processes such as cell migration. Given that multiple filamin repeats were found to bind and inhibit integrin ([Fig. 5c](#F5){ref-type="fig"}), it is also possible that filamin clusters inactive integrins^[@R12]^ and that the removal of filamin from clustered integrins may spatiotemporally promote their binding to multivalent ligands such as fibrinogen and fibronectin. Finally, while the structural mechanisms of other integrin inactivators such as Sharpin, CIB, and MDG1^[@R2]--[@R3]^ remain to be determined, the fact that they all bind to the membrane-proximal region of integrin CTs suggests that they may share a common binding mode favoring the conformation of the resting state of integrins and/or preventing the receptor binding to talin. Recent studies on Sharpin have provided excellent functional evidence for such possibility^[@R30]^. Hopefully more data will be reported in near future, allowing a thorough understanding of how these integrin inactivators regulate dynamic adhesion and migration of a variety of cells.

Online Methods {#S9}
==============

Plasmid constructs, protein/peptide preparation, and NMR sample preparation {#S10}
---------------------------------------------------------------------------

Human FLNa-Ig9, 12, 17, 19, and 21 were cloned into pGST parallel vector with glutathione S-transferase as fusion tag and expressed in *E.coli* BL21 (DE3) as previously described^[@R7]^. For FLNa-Ig21-β3-C and FLNa-Ig21-β3-CT chimera proteins, cDNAs of either β3-C or β3 CT were inserted into GST-FLNa-Ig21 plasmid construct at FLNa-Ig21's N-terminus using QuikChange Site-Directed Mutagenesis Kit. Ten extra amino acids (GASGSGASGS) were included between Ig21 and β3 as a linker to provide flexibility for binding between FLNa-Ig21 and β3. Other FLNa-Ig21 mutants and αIIb K994E/R997E mutant were also generated using QuikChange Site-Directed Mutagenesis kit. αIIb (E960-E1008)/β3 (K689-T762) encompassing complete transmembrane and cytoplasmic domain (TMCD) were expressed and purified as described before^[@R19]^. Cells were induced at room temperature for 16 hrs with 0.6mM IPTG, after A~600~ reached 0.6. The protein was purified on glutathione sepharose 4B resin to homogeneity and cleaved with TEV to release the fusion partners. The protein mixtures were further loaded onto the glutathione sepharose 4B resin to separate GST from the desired protein, and the eluted fractions were then subjected to gel filtration to remove trace GST to yield homogeneous FLNa-Ig21. The cDNA of integrin αIIb cytoplasmic tail (CT) (W988-E1008) and β3 membrane proximal region (β3-N) (K716-T762) were inserted into pET31b vector (Novagen, Inc.) that fuses small peptides to an insoluble protein ketosteroid isomerase (KSI). The fused peptides were expressed as an inclusion body with KSI. Purification of the peptides including the cleavage of KSI by CNBr was performed according to the manufacturer's instructions. Unlabeled αIIb-CT and β3-N peptides were synthesized by Biotechnology core of Lerner Research Institute. All integrin peptides were further purified by reverse phase HPLC. Protein mutagenesis was conducted using a QuikChange Site-Directed Mutagenesis Kit from Stratagene. Isotope-labeled proteins or peptides were prepared as described before^[@R12]^.

All HSQC binding experiments used 0.1mM ^15^N-labeled proteins. In the case of FLNa-Ig21/membrane binding, LUV membrane was prepared as described previously^[@R19]^. For structure determination, six NMR samples were prepared for the multi-dimensional NMR experiments in 25mM sodium phosphate pH 6.4, 5mM NaCl, 1mM TCEP: (1) 1mM ^15^N/^13^C-labeled FLNa-Ig21 in the presence of 1mM unlabeled L717K/L718K β3 CT and 1mM unlabeled αIIb CT; (2) 1mM ^15^N-labeled L717K/L718K β3-CT in the presence of 1mM unlabeled FLNa Ig21 and 1mM unlabeled αIIb CT; (3) 2mM unlabeled αIIb-CT in the presence of 0.1mM GST-FLNa-Ig21-β3-CT chimera; (4) 1mM ^15^N/^2^H-labeled FLNa-Ig21 in the presence of 1mM unlabeled L717K/L718K β3-CT; (5) 1mM ^15^N/^2^H-labeled FLNa-Ig21 in the presence of 1mM unlabeled αIIb-CT; (6) 2mM unlabeled β3-N in the presence of 0.1mM GST-FLNa-Ig21.

NMR experiments {#S11}
---------------

All NMR experiments were performed on Bruker 600MHz, 800MHz, and 900MHz spectrometers each equipped with a triple resonance probe. All experiments were performed at 25°C in 25mM Sodium phosphate pH 6.4, 5mM NaCl. Standard triple resonance experiments were used for assigning FLNa-Ig21 and β3-CT whereas 2D NOESY/TOCSY were used to assign β3-N and αIIb-CT. For structural analyses, the following NOESY experiments were performed: (A) 3D ^13^C-^15^N edited NOESY experiment (120 ms mixing time) using sample (1); (B) 3D ^15^N edited NOESY experiment (120 ms mixing time) using sample (2); (C) 2D transferred NOE experiment (400 ms mixing time) using sample (3); (D) 2D transferred NOE experiment (400 ms mixing time) using sample and sample (6); (E) 3D ^15^N edited NOESY experiments (150 ms mixing time) using sample (4); (F) 3D ^15^N edited NOESY experiments (150 ms mixing time) using sample (5). For 2D transferred NOE experiments, additional mixing times 50ms and 150ms were also run to identify potential spin diffusion effects. Spectra were processed by NMRPipe^[@R32]^, and visualized and analyzed by PIPP^[@R33]^ and SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). PASA software was used in the FLNa-Ig21's sequential assignment^[@R34]^. 100% of backbone resonances were assigned for all subunits including FLNa-Ig21, αIIb CT, and β3 CT. The side chain assignments are FLNa-Ig21 (93%), αIIb CT (89%), and β3 CT (88%). For NOEs, 398 were assigned between side chains, 856 were assigned between backbones and side chains, and 82 were assigned between backbones. 5 unambiguous intermolecular backbone-backbone NOEs and 20 unambiguous intermolecular NOEs between backbones (one subunit) to side chains (another subunit) were assigned.

For chemical shift mapping, weighted shifts of ^1^H-^15^N HSQC spectra were calculated using the equation: Δδ(HN,N) = ((ΔδHNWHN)2 + (ΔδNWN)2))1/2, where WHN and WN are weighting factors for the HN and N shifts, respectively (WHN =1; WN = 0.154), and Δδ = δbound -- δfree.

Structure determination {#S12}
-----------------------

X-plor-NIH^[@R35]^ was used for calculating the structure. NOE constraints were obtained using various NOESY experiments. Dihedral angle restraints for FLNa-Ig21 derived from the TALOS program^[@R36]^. After we calculated a preliminary structural model using intermolecular NOE distance restraints and ambiguous chemical shift mapping-based constraints, we designed structure-based mutations in the interfaces of the ternary complex to cross-validate the structure using HSQC experiments. Mutation sites that either disrupt or weaken the interactions were used as ambiguous restraints to further refine the structure based on the protocol by Clore and Schieters, 2003^[@R37]^. Hydrogen-Deuterium exchange-based experimental hydrogen bonding constraints were also used to further refine the secondary structure at the final stage of the structure calculations. Structure quality was evaluated using the program PROCHECK^[@R38]^.

Pull down experiments {#S13}
---------------------

β3-CT fused to maltose binding protein (MBP-β3) was incubated with maltose beads (%) in a falcon tube for 20 minutes at 4°C. Then, beads were transferred into a mini column and subjected to extensive washing (at least 20 times bead volume) to remove unbound MBP-β3. Beads were transferred into clean falcon tubes and incubated with binding partners (either His-tagged αIIb-CT alone or FLNa-Ig21 mixed with His-tagged αIIb-CT) for 20 minutes at 4°C. Then, beads were transferred into mini columns and subjected to extensive washing (at least 20 times bead volume) to remove unbound ligands. The beads were mixed with SDS and boiled for 5 minutes at 100 °C, and subjected to electrophoresis. His-tagged αIIb-CT was visualized by immunoblotting with a 6×His antibody (Cell Signaling). αIIb pull down by GST-FLNa-Ig21 or GST-FLNa-Ig21-β3 CT chimera used the same method as above but visualized by Coomassie blue staining.

Surface Plasmon Resonance (SPR) experiment {#S14}
------------------------------------------

All SPR experiments were conducted on the BIAcore 3000 system at the Molecular Biotechnology core of the Lerner Research Institute. The experiments were carried out at 25°C, using the buffer, 25 mM phosphate buffer, 5 mM NaCl, 1 mM TCEP (pH 6.4), supplemented with 0.1% BSA for blocking non-specific binding. β3-CT or β3-N or αIIb-CT) was immobilized on CM5 sensor chips (GE Healthcare) for about 50--100 resonance units (RU). Samples of binding partners or analytes were diluted in the running buffer and injected at a flow rate of 20 ml/min over the chip surface. Binding surfaces were regenerated to remove bound analyte by the following buffer flow for 2.5 minutes at 50 ml/min. This regeneration condition removed analyte completely but retained the surface binding capacity of the chip. Kinetic constants were calculated by global fitting of the data to a 1:1 Langmuir binding model, and Heterogeneous Ligand-Parallel Reactions model after subtracting the control surface, using the BIAevaluation software, version 4.0.1. Spike artifacts between association and dissociation phases from this subtraction were excluded from the fitting.

Integrin activation assay {#S15}
-------------------------

The detailed procedure for measuring integrin activation and its inhibition by FLNa-Ig21 was described previously^[@R6]^. Briefly, EGFP vector, EGFP-fused proteins including talin-head (Talin-H), wild type FLNa-Ig4, Ig12, Ig17, Ig19, and Ig21, FLNa-Ig21 E2276A, and FLNa-Ig21 A2268K mutants were transfected into CHO cells transiently expressing αIIbβ3 (in pcDNA3.1+ vector) using Lipofectamine 2000 according to the manufacturer's instructions. Their effects on integrin αIIbβ3 activation were assessed by binding of αIIbβ3 activation-specific PAC-1 monoclonal antibody, which was measured by flow cytometry as previously described^[@R6]^. The integrin activation experiments using αIIb(K994E/R997E)β3 mutant were performed in the same way as WT integrin. Variations in the level of the αIIbβ3 expression were monitored with the mouse 2G12 monoclonal antibody^[@R39]^. Differences in the activation of αIIbβ3 integrin measured with PAC-1 were normalized to differences in surface expression of αIIbβ3 integrin measured with 2G12 antibody. Flow cytometric data are represented as median fluorescence intensity (Relative fluorescence Intensity, RFI).

Supplementary Material {#SM}
======================

**Accession codes**: The complete chemical shift assignment tables have been deposited in BMRB (25176). Detailed NOE table, along with the PDB coordinates has also been deposited in PDB bank (PDB code 2mtp).
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![Interaction of FLNa-Ig21 with αIIbβ3 CTs. (**a**) Selected region of HSQC of 0.1mM ^15^N-labeled β3-CT in the absence (black) and presence (red) of 0.1mM FLNa-Ig21. Strongly perturbed residues are labeled in the spectrum of the free β3-CT. (**b**) Representative real time SPR sensorgrams of the binding between β3-CT and FLNa-Ig21 (n=2). The sensorgrams were fitted into a two-site binding model with KD1\~4.9µM and KD2\~150µM respectively. (**c**) Selected regions of HSQC of 0.1mM ^15^N-labeled αIIb-CT in the absence (black) and presence (red) of 0.1mM FLNa-Ig21. (**d**) Representative real-time SPR sensorgrams of the binding between αIIb-CT and FLNa-Ig21 (n=2). The real-time binding curves were fitted using a global fitting algorithm to a 1:1 binding model, resulting in the K~D~\~229µM.](nihms670577f1){#F1}

![FLNa-Ig21 promotes the ternary complex formation with αIIb-CT and β3-CT. (**a**) Pull down experiment showing that while MBP-β3 failed to pull down His-tagged αIIb-CT, it did so in the presence of FLNa-Ig21; (**b**) Co-injection on β3 CT surface. 300µM FLNa-Ig21 followed by 300µM FLNa-Ig21 (green sensorgram). 300µM FLNa-Ig21 followed by 300µM FLNa-Ig21 plus 300µM αIIb CT (red sensorgram). n=2; (**c**) Selected regions of HSQC spectra of 0.1mM ^15^N-labeled αIIb-CT in the absence (black) and presence of 0.1mM FLNa-Ig21 (red), and presence of 0.1mM FLNa-Ig21 and 0.2mM β3-N; (**d**) Selected regions of HSQC spectra of 0.1mM ^15^N-labeled αIIb-CT in the absence (black) and presence of 0.1mM FLNa-Ig21-β3-CT chimera (red). (**e)** Pull down experiment showing that while GST-FLNa-Ig21 failed to pull down αIIb CT due to low affinity, GST-FLNa-Ig21-β3 CT chimera effectively pulled down αIIb CT. (**f**) SPR experiment showing that FLNa-Ig21-β3 CT binds to αIIb CT at K~D~\~19µM. n=2.](nihms670577f2){#F2}

![Structure of FLNa-Ig21-αIIb-CT-β3-CT ternary complex. (**a**) Superposition of 20 calculated FLNa-Ig21(green)-αIIb-CT(pink)-β3-CT(brown) complex structures with lowest energies, showing a well-defined structure. (**b**) Corresponding cartoon representation of the structure in (**A**) with the lowest energy. (**c**) Expanded regions of the complex interface based on (**b**).](nihms670577f3){#F3}

![A topology of FLNa-Ig21 bound to the αIIbβ3 CT heterodimer at the inner membrane surface. (**a**) Superposition of FLNa-Ig21-αIIbβ3-CT complex with αIIbβ3 transmembrane-cytoplasmic heterodimer (PDB code 2KNC) showing a cluster of positively charged residues H2239, K2240, and R2242 from FLNa-Ig21, αIIb-CT K989, and β3-CT K716 at the transmembrane-cytoplasmic border; (**b**). Selected regions of HSQC of 0.1mM ^15^N-labeled FLNa-Ig21 in the absence (black) and presence (red) of 1mM LUV vesicle showing the selective perturbation of the membrane binding site of FLNa-Ig21 involving the highlighted residues in [Fig. 4A](#F4){ref-type="fig"}; (**c**) HSQC data indicating that FLNa-Ig21 K2240A mutation disrupts the FLNa-Ig21-membrane interaction. (**d**) Selective M987 signal from HSQC spectra of 0.1mM ^15^N-labeled αIIb TMCD bound to unlabeled β3 TMCD (1:1) in the absence (black) and presence (red) of equimolar FLNa-Ig21. The spectra were collected in 50mM POPC/POPS/DHPC (q=0.3) bicelle in 25mM HEPES, 5%(v/v) D2O, 0.02% NaN3, pH 7.4. (**e**). Selective G991 peak from the same HSQC spectra in (d) changed in the same trend as M987 in (d). (**f**). The intensity ratio (complex/free form) of M987 and G991 from the HSQC spectra of (d) and (e) in the absence (red) and presence of FLNa-Ig21.](nihms670577f4){#F4}

![Functional evidence of FLNa-Ig21-mediated inhibition on integrin activation. Data are normalized for differences in surface expression of αIIbβ3 integrin as measured by 2G12 antibody. In all experiments, EGFP or EGFP-tagged proteins are transiently expressed with αIIbβ3. RFI values are Mean±S.E.M of fold change in PAC-1 binding over transiently expressed αIIbβ3 and EGFP (scaled to 1), from multiple independent experiments. Error bars in all experiments represent standard error of mean. (**a**) Integrin activation assay showing the different effects of talin head (talin-H), FLNa-Ig21, and the FLNa-Ig21 mutants (E2276A, F21EA; A2268K, F21AK) on the activation state of the transiently expressed αIIbβ3 (n=4). For each experiment, 3 transfections were set up that were processed independently as 3 biological replicants. The difference between vector (EGFP) and FLNa-Ig21 is significant (p\<0.001). The difference between vector (EGFP) and E2276A (F21EA) or A2268K (F21AK) is not significant (p\>0.05). (**b**) Integrin activation assay showing that transiently expressed αIIb-K994E-R997E-β3 mutant, αIIb(KREE)β3, exhibits substantially enhanced PAC-1 binding as compared to the WT integrin (p\<0.05). N=2; 2 transfections for each condition were set up that were processed independently as 3 biological replicates. (c). Integrin activation assay showing that FLNa-Ig9 (p\<0.05), Ig12 (p\<0.001), Ig17 (p\<0.001), Ig19 (p\<0.001) exert inhibitory effect on the PAC-1 binding of the transiently expressed αIIbβ3. FLNa-Ig4 did not have significant inhibitory effect (p\>0.05). n=2; 2 transfections for each condition were set up that were processed independently as 3 biological replicates.](nihms670577f5){#F5}

![Comparison of FLNa-Ig21 bound integrin αIIbβ3 CT complex (**a**) with talin-F3 bound β1 CT (**b**) (derived from PDB code 3G9W) showing how FLNa-Ig21 may compete with both β3-MP and β3-C for binding to talin-F3. Note that the C-terminus of β CT is β-strand (brown) when bound to FLNa-Ig21 (**a**) *versus* an extended loop when bound to talin-F3 (**b**), and thus the two binding events are mutually exclusive. Also binding of talin-F3 with β3-MP (yellow helix) in (**b**) would also cause steric clash with FLNa-Ig21 bound to the β3-MP (Cyan + Brown) in (**a**). The helical region in brown is involved in the interaction with FLNa-Ig21.](nihms670577f6){#F6}

###### 

NMR and refinement statistics for FLNa-Ig21-αIIb-CT-β3-CT complex structure

  ---------------------------------------------------------------
                                              FLNa-Ig21-αIIb-\
                                              CT-β3-CT
  ------------------------------------------- -------------------
  **NMR distance and dihedral constraints**   

  Distance constraints                        

    Total NOE                                 

    Intra-residue                             425

    Inter-residue                             

      Sequential (\|*i* -- *j*\| = 1)         483

      Medium-range (\|*i* -- *j*\| \< 4)      172

      Long-range (\|*i* -- *j*\| \> 5)        230

      Intermolecular                          31

    Hydrogen bonds                            157

  Total dihedral angle restraints             

    ϕ                                         31

    ψ                                         31

  **Structure statistics**                    

  Violations (mean ± s.d.)                    

    Distance constraints (Å)                  0.08265 ± 0.00728

    Dihedral angle constraints (°)            0.67119 ± 0.07380

    Max. dihedral angle violation (°)         0.839

    Max. distance constraint violation (Å)    0.211

  Deviations from idealized geometry          

    Bond lengths (Å)                          0.00383 ± 0.00007

    Bond angles (°)                           0.48340 ± 0.00741

    Impropers (°)                             0.37462 ± 0.00897

  Average pairwise r.m.s. deviation\*\* (Å)   

    Heavy                                     1.478 ± 0.198

    Backbone                                  1.013 ± 0.212
  ---------------------------------------------------------------

Pairwise r.m.s.d. was calculated among 20 refined structures.

[^1]: denotes equal contribution
